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Spin pumping has been studied within Ta/Ag/Ni81Fe19(0-5 nm)/Ag(6 nm)/Co2MnGe(5
nm)/Ag/Ta large-area spin valve structures, and the transverse spin current absorption of Ni81Fe19
sink layers of different thickness has been explored. In some circumstances the spin current absorp-
tion can be inferred from the modification of the Co2MnGe source layer damping in vector network
analyser ferromagnetic resonance (VNA-FMR) experiments. However the spin current absorption
is more accurately determined from element-specific phase-resolved x-ray ferromagnetic resonance
(XFMR) measurements that directly probe the spin transfer torque (STT) acting on the sink layer at the
source layer resonance. Comparison with a macrospin model allows the real part of the effective spin
mixing conductance to be extracted. We find that spin current absorption in the outer Ta layers has a
significant impact, while sink layers with thickness of less than 0.6 nm are found to be discontinuous,
and super paramagnetic at room temperature, and lead to a noticeable increase of the source layer
damping. For the thickest 5 nm sink layer, increased spin current absorption is found to coincide
with a reduction of the zero frequency FMR linewidth that we attribute to improved interface quality.
This study shows that the transverse spin current absorption does not follow a universal dependence
upon sink layer thickness but instead the structural quality of the sink layer plays a crucial role.
I. INTRODUCTION
The discovery that a spin-polarized current
could exert a torque (STT) on a nano-scale fer-
romagnet (FM) has led to the development of
a whole new class of electronic devices1. Pure
spin currents can circumvent the constraints
placed on traditional electronics and have
the potential to allow low-power and high-
bandwidth information transfer2,3. Crucial to
the development of smaller and more efficient
devices is a more complete understanding of
the mechanisms by which spin currents can
be generated, such as the spin Hall effect,4,5
and how these currents propagate through
ultra-thin films. Detection of pure spin cur-
rent has been achieved through measurement
of effects induced by the spin current, such as
spin-torque driven magnetic precession6,7 and
the inverse spin Hall effect8–10. Very recently
methods have been devised to detect the local
spin density by means of soft x-ray probes11.
One mechanism by which the genera-
tion and propagation of spin current can
be studied is precessional spin pumping.
In a spin valve comprising a ferromag-
2netic/normal/ferromagnetic (FM1/NM/FM2)
metal hybrid structure, magnetic precession
in the ’source’ layer (FM1) pumps pure spin
current into the adjacent non-magnetic layer
(NM)12. A non-local damping of FM1 may
then result from spin scattering in the NM.
Further damping may occur with the addition
of the second ferromagnetic ’sink’ layer (FM2)
on the opposite interface of the NM. This al-
lows FM1 to pump spin current across the
NM and into FM2 where the transverse com-
ponent of the spin current can be absorbed, in
a similar manner to the absorption of the spin
carried by a charge current13. The absorption
of the spin current leads to a STT on the sink
layer magnetization and increased damping
of the precession in the source layer.
Ferromagnetic resonance (FMR) is a pow-
erful technique by which to observe the spin
pumping effect6. This technique has the ad-
vantage that spin current absorption in layers
only a few Ångström thick can be measured
as a perturbation of the much larger signal
from the source layer. This type of measure-
ment does not require nano-fabrication and
so finite size magnetostatic effects14 and ac-
tivation volume effects15 do not increase the
complexity of the interpretation. However it
does not provide a direct measurement of the
spin current absorption in the sink layer.
The spin relaxation length in the NM layer
has been studied extensively.16,17 The pene-
tration of the spin current into the ferromag-
netic sink layer has been studied by means
of magnetotransport measurements, which
have indicated a characteristic length for the
absorption of the longitudinal component of
spin (i.e. parallel or anti-parallel to M) in 3d
transition metals18,19. Here the dependence
on distance from the interface z was found to
be exponential with spin current density i.e.
∝ exp(−z/λSD), where λSD is the spin diffu-
sion length. Recently Ghosh et al.20 used spin-
pumping to infer that the depth dependence
of the transverse component of spin current
(i.e. perpendicular to M) instead follows a
power-law dependence. They found this to
be applicable in structurally diverse ferromag-
nets, with the absorption of the spin current
saturating at a FM2 thickness of 1.2± 0.1 nm.
This result supports theoretical predictions
that the length scales are governed by the
transverse spin coherence length λJ which
is proportional to pi/|k↑f − k
↓
f | to first order
where k↑(↓)f are the majority (minority) spin
state Fermi wave vectors21.
However it is not clear how, for real ultra-
thin layers (<1.2 nm), the structure and mag-
netic state of the sink layer may affect the spin
current absorption. As the layer thickness be-
comes comparable to the atomic radius it is
highly unlikely that films form as a smooth
layer only a few atoms thick. As the film’s
structural parameters have a significant im-
pact on the magnetic order of the sink layer,
it is therefore expected to have a significant
effect on spin current absorption. While other
studies focus purely on the sink layer20, of-
ten this layer is part of a larger stack, which
adds complexity i.e. it is not immediately
clear what effect this surrounding structure
may have on spin absorption. Typically a
NM with weak spin-orbit coupling is used
in the FM1/NM/FM2 trilayer since, in such
materials, the spin flip rate is comparatively
small, meaning that if the thickness of the
NM is much smaller than the spin-diffusion
length, efficient spin transfer is expected from
FM1 to FM2. For example, in this study the
maximum NM (Ag) thickness is 6 nm, which
is considerably smaller than the spin diffu-
sion length that is estimated to be 158-170
nm22,23 and it has been demonstrated that Ag
is an efficient spacer layer for the injection
of spin current18,24. When other NM layers
are present in the layered structure their ef-
fect must also be considered, especially if they
contain heavy elements with large spin-orbit
coupling.
Since the spin current can be eliminated by
spin-flip scattering at the FM/NM interfaces25
and within the NM layers it is critical to di-
rectly observe the response of the sink layer,
in conjunction with the source, in order to un-
ambiguously conclude that spin absorption
within the sink layer is responsible for an in-
creased damping of the source layer. The dy-
namics of the sink layer have previously been
observed by time-resolved magneto-optical
3Kerr effect studies22,26,27 of epitaxial struc-
tures with Ag and Au spacer layers. In spin
valves with chemically distinct source and
sink layers the element selectivity of x-ray
magnetic circular dichroism (XMCD)28 can be
employed to isolate the dynamic response of
the source and sink layers and directly probe
the spin torque acting on the sink layer.
In this study vector network analyser fer-
romagnetic resonance (VNA-FMR) is used to
determine the dependence of the source layer
damping parameter α (which not only has the
well established Gilbert damping contribution,
but also an additional contribution caused by
absorption of the spin current in FM2) as a
function of the sink layer thickness (tNiFe). X-
ray detected ferromagnetic resonance (XFMR)
is used to make layer selective measurements
of the amplitude and phase of precession in
the source and sink layers. By probing the
torque acting on the sink layer in the experi-
ment, the Real part of the effective spin mix-
ing conductance Re(g↑↓eff) may be deduced.
II. EXPERIMENTAL
Each spin valve structure was grown on
a sapphire wafer with a Ta (5 nm)/Cu (100
nm)/Ta (5 nm)/Ru (10 nm) overlayer. A 60
second RF etch was used to remove 3.5 nm
of Ru, ensuring a clean surface, before de-
positing spin valve stacks in the order Ta (5
nm) /Ag (4 nm) /Ni81Fe19 (0.3-5.0 nm)/ Ag
(6 nm)/ Co2MnGe (5 nm)/ Ag (2 nm)/ Ta
(3 nm). Control samples, one without the
Ni81Fe19 layer comprising Ta (5 nm)/ Ag (6
nm)/ Co2MnGe (5 nm)/ Ag (2. nm)/ Ta (3
nm), and a second without the Co2MnGe layer
comprising Ta (5 nm) /Ag (4 nm) /Ni81Fe19
(3 nm)/ Ag (6 nm)/Ta (3 nm) were also fabri-
cated. In the as-deposited state, the Co2MnGe
source layer is non-magnetic due to disorder.
Field annealing is used to induce the ordered
ferromagnetic state (see Fig. 4(b)) and induces
a small (< 10 Oe) in-plane uniaxial magnetic
anisotropy within both layers. VNA-FMR
and XFMR measurements were performed
on large area 1 x 1 cm2 films.
VNA-FMR measurements were made by
placing samples face down on a 50 Ω copla-
Figure 1. (a) Measurement geometries for vector
network analyser ferromagnetic resonance (VNA-
FMR) and (b) X-ray detected ferromagnetic reso-
nance (XFMR).
nar waveguide (CPW) with 500 µm signal
track width (Fig. 1(a)). A 100 nm layer of
photoresist was used to prevent the sample
from short circuiting the CPW. The scatter-
ing matrix parameters of the composite struc-
ture were recorded for frequencies from 0-15
GHz as the bias field was swept between 0.0
and 1.3 kOe29. The damping parameter (α) of
FM1 (Co2MnGe) was extracted from the fre-
quency dependent full width half maximum
linewidths ∆H(ω) for each FM2 (Ni81Fe19)
thickness using the expression30
∆H(ω) = ∆H(0) + 2αω/γ, (1)
where ∆H(0) is the contribution due to inho-
mogeneous broadening.
Phase-resolved XFMR measurements11,31,32
were made upon the same continuous thin
films. The sample was placed in contact
with a coplanar waveguide fabricated from
a printed circuit board. A countersunk hole
of 500 µm diameter in the 1 mm wide sig-
nal line allowed x-ray access to the sample.
Circularly polarized x-rays were used to de-
termine the magnetization along the beam
direction using the x-ray magnetic circular
dichroism effect. The transmitted x-rays were
detected indirectly through x-ray excited op-
tical luminescence in the sapphire substrate,
with the emitted light detected by a photodi-
ode mounted behind the sample (Fig. 1(b)).
An in vacuum SMA cable was used to de-
liver a 4 GHz RF current to the CPW, gen-
erating an in-plane oscillating magnetic field
at the sample surface, exciting precession. A
comb generator driven by the 499.65 MHz
4synchrotron master clock ensured phase co-
herence of higher harmonics with the x-ray
bunches. A static bias field, applied parallel to
the CPW signal line, was swept to reveal the
ferromagnetic resonance. This transverse ge-
ometry allows phase-resolved measurement
of the precession by delaying the RF excita-
tion relative to the synchrotron master clock
single using a delay line with a resolution of
2 ps. Layer specificity was achieved by tuning
the x-ray energy to either the Co L3 edge in
the source (Co2MnGe) layer or the Fe L3 edge
in the sink (Ni81Fe19) layer, allowing direct
measurement of the spin dynamics in each
layer.
III. RESULTS
A. Vector Network Analyser Ferromagnetic
Resonance (VNA-FMR) Measurements
Typical VNA-FMR resonance spectra ac-
quired at a frequency of 8 GHz for different
sink layer thicknesses (tNiFe) are shown in Fig.
2. For tNiFe = 1.2 (b) and 1.8 nm (c) both the
Co2MnGe and Ni81Fe19 peaks are distinct and
visible allowing observation of the sink layer
resonance directly. For tNiFe ≤ 0.9 nm, as in
Fig. 2(a), the Ni81Fe19 resonance cannot be
identified unambiguously and therefore us-
ing this technique, information about the be-
haviour of the sink layer can only be inferred
from the dynamics of the source layer. For
the thickest films in this study tNiFe = 3.0, Fig.
2(d), and 5.0 nm the Co2MnGe and Ni81Fe19
peaks overlap making it impossible to resolve
the behaviour of the individual layers.
For each sample the damping parameter of
the source layer has been extracted from the
frequency dependent linewidth ∆H(ω) (as in
Eq. 1) obtained by fitting a single Lorentzian
function to the absorptive (SIm12 ) S-parameter.
The intrinsic damping has been isolated as
in Ref. 30. Fig. 3(a) shows linewidth vs
frequency for the two single layer reference
samples. Here ∆H(0) is comparatively large
for the Co2MnGe single layer and small for
the Ni81Fe19 single layer. The measured line
widths for the trilayer stacks with tNiFe = 0.3-
1.8 nm are shown in Fig. 3(b). Fig. 4(a)
Figure 2. Typical experimental VNA-FMR field
sweeps at f = 8 GHz for sink layer thicknesses of
(a) tNiFe = 0.6 nm, (b) 1.2 nm, (c) 1.8 nm, and (d)
3.0 nm, showing the SIm12 and S
Re
12 scattering matrix
components.
shows that the general trend is for ∆H(0)
to decrease with increasing Ni81Fe19 thick-
ness. For tNiFe = 3.0-5.0 nm, ∆H(0) is negli-
gible. As ∆H(0) usually results from struc-
tural imperfections33, and the Co2MnGe layer
is grown after the Ni81Fe19 layer, this result
suggests that the increased Ni81Fe19 thickness
enhances the quality of the Co2MnGe growth.
The insight gained from VNA-FMR about
∆H(0) is crucial for the fitting and interpreta-
tion of the more complex XFMR experiment
discussed further below.
Figure 4(a) shows αCoMnGe for each
Ni81Fe19 sink layer thickness. Error bars in
this figure represent the statistical error asso-
ciated with the fit. For tNiFe ≤ 1.8 nm the
variation of αCoMnGe is relatively small. In
this region the only samples that show a sig-
nificantly different value of the damping pa-
rameter are tNiFe = 0.3 nm and 0.6 nm. At
first sight this is surprising since other studies
have reported a power law increase in αsource
with sink layer thickness.20 The relative insen-
sitivity to tNiFe might lie in the presence of the
Ta layer adjacent to the sink. Ta has a large
atomic number, and hence large spin-orbit
coupling, and therefore scatters injected spins
effectively. As a consequence a spin current
that passes through the thin Ni81Fe19 layer,
then also passes across the adjacent Ag layer
and is strongly scattered within the Ta.
The increase in damping for the thinnest
5Figure 3. VNA-FMR measurements showing fre-
quency dependent Co2MnGe linewidths and lin-
ear fits to (a) the thick sink layer (Co2MnGe (5
nm)/Ag (6 nm)/Ni81Fe19 (3.0-5.0 nm)) trilayers,
along with single layer reference films without the
source layer (Ag (6 nm)/Ni81Fe19 (3.0 nm)), and
without the sink layer (Co2MnGe (5 nm)/Ag (6
nm)), and (b) thin sink layer (Co2MnGe (5 nm)/Ag
(6 nm)/Ni81Fe19 (0.6-1.8 nm)) trilayers. These plots
are separated for clarity.
Ni81Fe19 thicknesses, tNiFe = 0.3 and 0.6 nm,
may be due to the atomic scale structure of the
Ni81Fe19 layer. The vibrating sample magne-
tometer (VSM) data plotted in Fig. 4(b) shows
that for tNiFe ≤ 0.6 nm the Ni81Fe19 layer does
not exhibit ferromagnetic order. Since Fe and
Ni are known to be immiscible in Ag34 inter-
mixing and alloy formation with the adjacent
Ag layers can be ruled out. Ni81Fe19 films on
Ag are found to have a lattice parameter of
0.36 nm35. When the layer thickness is com-
parable to the lattice parameter it is highly
unlikely that a continuous single layer film is
formed. Rather it is likely that these layers are
discontinuous, with the grains being super-
paramagnetic at room temperature, and that
the greater structural and magnetic disorder
leads to increased spin scattering.
Finally the extracted αCoMnGe values for
the thickest Ni81Fe19 layers tNiFe = 3.0 and
tNiFe = 5.0 nm appear to rise sharply. How-
ever the Co2MnGe and Ni81Fe19 resonances
overlap closely in the frequency and field
range considered here (Fig. 2(d)) to the ex-
tent that separate resonances could not be ob-
served in the VNA-FMR experiment. The in-
crease in α could therefore arise from a small
but finite difference between the Co2MnGe
and Ni81Fe19 resonance fields. Therefore the
extracted values provide an upper limit for
αCoMnGe and the response of the two ferro-
magnetic layers needs to be separated before
any further conclusions can be drawn.
Figure 4. (a) Gilbert damping parameter, α, and
inhomogeneous broadening ∆H(0) measured by
vector network analyser ferromagnetic resonance
(VNA-FMR) (the dashed red line is a guide to the
eye) and (b) saturation magnetisation Ms (given in
units of equivalent Ni81Fe19 thickness, assuming
Ms for Ni81Fe19 ≈ 860 emu/cm3)36 and coercive
field (Hc) measured by vibrating sample magne-
tometer (VSM) as a function of Ni81Fe19 layer thick-
ness in Co2MnGe/Ag/Ni81Fe19 spin valve struc-
tures, measured at 300 K.
6B. X-ray Ferromagnetic Resonance (XFMR)
Measurements
XFMR field scans at hrf = 4 GHz are shown
in Fig. 5. The solid lines are the result of
numerical modelling and will be described in
the following section. The dispersive (Re) and
absorptive (Im) components of the signal are
initially mixed due to a phase delay present
within the microwave electronics of the mea-
surement apparatus. These components are
recovered by rotating the complex signal in
the Argand plane so as to obtain maximum
peak height in the Im component at the posi-
tion of maximum gradient in the Re compo-
nent, and a flat response on either side of the
resonance. For both tNiFe = 1.5 nm (Fig. 5(a))
and 1.8 nm (Fig. 5(b)) the Co Im and Fe Re
data show a clear peak at the Co2MnGe reso-
nance field Hres = 204 Oe, while the Fe Im sig-
nal shows a peak at the thickness dependent
Ni81Fe19 resonance fields of Hres = 303 and
258 Oe, respectively. Crucially it is possible to
observe the response of the Ni81Fe19 sink layer
at the Co2MnGe source layer resonance field.
At resonance the Im part of the Co2MnGe re-
sponse is unipolar while, at the same field,
the Im part of the Ni81Fe19 response is bipolar
(a negative peak followed by a positive peak).
This behaviour is reversed for the Re part of
the Co2MnGe response. This is a distinct sig-
nature of STT due to spin pumping (rather
than static dipolar or exchange coupling) and
corresponds to a bipolar variation of the sink
layer phase at the source layer resonance31.
For the thicker tNiFe = 3.0 and 5.0 nm films
the resonances of the two magnetic films over-
lap and the manifestation of spin pumping
is an asymmetry of the lineshape. This can
be seen most clearly for the tNiFe = 5.0 nm
film where the Co2MnGe lineshape shows a
difference in height and shape of the lobes in
the Re component and a difference in gradi-
ent between the low and high field sloping
regions of the Im component. Both effects are
predicted and described well by numerical
modelling, as described below.
The dynamic behavior can be modelled us-
ing coupled LLG equations, with additional
terms to describe the spin pumping6,31. The
precessing magnetization of each layer has
Figure 5. The Re and Im components of layer
specific XFMR field scans at 4 GHz, for Co2MnGe
(5.0 nm)/Ag (6 nm)/Ni81Fe19 (1.5 (a), 1.8 (b), 3.0
(c) and 5.0 (d) nm). The solid lines are the result
of numerical simulations of dynamic coupling by
STT.
two oscillatory (transverse) dynamic compo-
nents. Since the XMCD arises from the magne-
tization component parallel to the x-ray wave
vector, the x-rays sample the projection of the
transverse components along the beam direc-
7tion. The LLG equation for the response of the
i-th layer including the effects of interactions
with the j-th layer can be written as
∂mi
∂t
= −|γ|mi ×
[
Hieff + βiMj
−
α
(0)
i + α
′
ii
|γi|
∂mi
dt
]
− α′ijmj ×
∂mj
∂t
, (2)
where mi and mj are unit vectors parallel
to the magnetization vectors of the i-th and
j-th layers. There are four torque terms repre-
sented in Eq. 2. The first term gives the torque
due to the local effective field Hieff including
applied field, crystalline anisotropy and shape
anisotropy. The second term gives the torque
arising from dipolar or indirect exchange in-
teractions with the other layer. The third term
gives the effective Gilbert type damping, in-
cluding both intrinsic spin-orbit effects and
two magnon scattering, and an extra term in
α′ii due to spin pumping with layer i as the
source. The final torque term arises due to
spin pumping from the other layer j, with
layer i as the sink. In the following analysis
the Co2MnGe layer is denoted by the sub-
script 1, and the Ni81Fe19 layer denoted by
the subscript 2.
For the present samples the second and
fourth terms (coupling and spin pumping
from other layer) are relatively weak. There-
fore, to lowest order, the position of the reso-
nance for a particular layer can be described
by the solution of the LLG equation for that
layer, when it is isolated from the other. The
magnetocrystalline anisotropy field is small
and so the in-plane uniaxial anisotropy is ne-
glected. The layer is sufficiently thin that sur-
face anisotropy associated with the interfaces
may have a significant effect. This contribu-
tion is combined with the shape anisotropy
to generate a single perpendicular anisotropy
field for each magnetic layer. With these as-
sumptions the relation between field and fre-
quency at resonance can be written as
ω2r = γ
2Hres(Hres + 4piMeff), (3)
where ωr is the resonance frequency, Hres
is the resonance field, γ = γeg/2 where
γe = 2pi(2.80) MHz/Oe, and the spectro-
scopic splitting factor g is assumed to be 2.11
for Ni81Fe1937 and 2.00 for Co2MnGe.38 The ef-
fective demagnetising field 4piMeff = 4piM−
4Ks/Mt, where Ks is the surface anisotropy
constant, which is assumed to have the same
value for both surfaces of the layer. For a
given film thickness t, the saturation magne-
tization M is found from the VSM data (Fig.
4(b)). The value of Ks is then adjusted to ob-
tain the experimental value of ωr. The spin
pumping contribution to the Gilbert damping
coefficient has the form23,31
α
′
ij =
giµBRe(g
↑↓
j )
8piMiti
, (4)
where Re(g↑↓) is the Real part of the spin mix-
ing conductance (not corrected for the Sharvin
conductance39). The simplifying approxima-
tion that g↑↓1 = g
↑↓
2 = g
↑↓ is made so that
α
′
11 = α
′
12 = α
′
1 and α
′
22 = α
′
21 = α
′
2 with
α
′
1 =
g1M2t2
g2M1t1
α
′
2. (5)
The XFMR data was fitted by means of a
least squares regression algorithm. In each
case the layer magnetisation Mi was set to the
value measured by VSM, shown in Fig. 4(b).
The surface anisotropy constant for Co2MnGe
was constrained to Ks1 = −0.090 erg cm−2.
The surface anisotropy constant for Ni81Fe19
had the fitted values Ks2 = 0.085 erg cm−2,
0.088 erg cm−2, 0.120 erg cm−2 and 0.086
erg cm−2 for tNiFe = 1.5 nm, 1.8 nm, 3.0 nm
and 5.0 nm respectively. For tNiFe = 1.5 and
1.8 nm α
′
1 and α
0
1 were fixed in the relation
αT1 = α
′
1 + α
0
1 where α
T
1 is an effective value
that also accounts for the line width offset at
zero frequency ∆H(0), and is derived from
the VNA-FMR measured linewidth at 4 GHz
shown in Fig. 3(b). This is appropriate for
the tNiFe = 1.5 and 1.8 nm trilayer films where
the Co2MnGe and Ni81Fe19 resonances are dis-
tinct and αT1 can be extracted directly from the
VNA-FMR data. However, for the tNiFe =3.0
and 5.0 nm trilayer films the Co2MnGe and
Ni81Fe19 resonances are overlapped in the
8VNA-FMR measurement so direct extraction
of αT1 is not possible. Instead, for tNiFe = 3.0
and 5.0 nm, α01 is fixed using the VNA-FMR
measurement of the Co2MnGe (5.0 nm) refer-
ence film (no Ni81Fe19 layer) shown in 3(b). It
can be seen in Fig. 3 that growth on Ni81Fe19
reduces ∆H(0). For the tCoMnGe = 5.0 nm
reference film ∆H(0) = 29 Oe, and for the
trilayer films with tNiFe = 3.0-5.0 nm, ∆H(0)
is reduced to 0 Oe. This is taken into ac-
count in the fits and the α01 parameter, which
is fixed in the fitting of trilayer films, is cal-
culated from the reference film linewidth mi-
nus ∆H(0). When fitting the tNiFe = 3.0 nm
trilayer film α02 was also fixed at the value ex-
tracted from VNA-FMR measurements on the
tNiFe = 3.0 nm reference film (no Co2MnGe
layer). For all films the relative size of α
′
1 and
α
′
2 is constrained by Eq. 5.
The fits are shown in Fig. 5 and describe
both the source and sink layer resonances well.
Inserting the fitted parameter α
′
2 into Eq. 4
then yields an effective spin mixing conduc-
tance for the multilayer structure, Re(g↑↓eff), for
each Ni81Fe19 thickness. The values of the α
parameters and Re(g↑↓eff) are listed in table I.
The α01 parameter for the trilayer tNiFe = 1.5 ,
1.8 nm films is seen to agree closely with the
α01 of the reference Co2MnGe film measured
by VNA-FMR (used to fit the tNiFe = 3.0 ,
5.0 nm films). The uncertainty in Re(g↑↓eff) is
however particularly large for tNiFe = 3.0 nm
because the resonance fields of the Co2MnGe
and Ni81Fe19 layers are almost identical, as is
evident from Fig. 5(c). In this case the two
magnetizations precess with close to the same
phase and so the two spin pumping terms
in Eq. (1) almost cancel, as noted previously
by Heinrich et al.6, so that the fitting is less
sensitive to the magnitude of their prefactors.
A particularly large value for Re(g↑↓eff) is ob-
served for the tNiFe = 5.0 nm trilayer, where
the spin-pumping effect manifests as a pro-
nounced asymmetry of the Co2MnGe signal,
that is not present for the other tNiFe values.
The sensitivity of each fitted curve to the spin-
pumping was explored by generating a family
of curves around the curve that minimised the
sum of the residuals, as shown in the supple-
mentary materials. The confidence intervals
for the Re(g↑↓eff) values in Table I correspond
to the curves for which the fit to the data was
visibly worse.
tNiFe α
0
1 α
′
1 α
0
2 α
′
2 Re(g
↑↓
eff)
×10−3 ×10−3 ×10−3 ×10−3 ×1015
(nm) (cm−2)
1.5 8.2 5.2 5.3 19.0 2.52± 0.3
1.8 8.4 4.6 7.1 14.3 2.22 ±0.2
3.0 8.7 9.1 11.0 8.4 2.65 †
5.0 8.7 16.0 9.9 14.0 7.73± 2.4
Table I. Damping parameters (α01, α
′
1, α
0
2 and α
′
2),
extracted from the fits to XFMR data shown in Fig.
5, and Re(gl↓eff) calculated from Eq. 4 for spin valves
with increasing sink layer thickness (tNiFe). † an
estimation of the uncertainty in Re(g↑↓eff) for tNiFe
= 3.0 nm is difficult because the resonance fields
of the Co2MnGe and Ni81Fe19 layers are almost
identical which leads to a level of degeneracy in
the fitting (see supplementary materials).
The value of Re(g↑↓eff) is a measure of the
spin pumping efficiency and is related to the
number of conducting channels per spin39.
An approximate expression for this quantity
is given by23 Re(g↑↓) ≈ 1.2n2/3, where n is the
density of electrons per spin in the NM. For
the projected area of a spherical Ag Fermi sur-
face Re(gl↓) ≈ 1.80× 1015 cm−2. Improved
agreement can be expected following correc-
tion for the Sharvin conductance23, however
this requires ab initio electronic structure cal-
culations. A full description should also in-
clude separate values of gl↓ for each interface
at which spin scattering can be expected to
occur. Therefore the values stated here can
be regarded as effective values that describe
the two dissimilar interfaces and any internal
structure of the spacer layer.
The values of Re(g↑↓eff) shown in Table 1
for tNiFe = 1.5 , 1.8 and 3.0 nm are in rea-
sonable agreement with those expected for
a Ag spacer layer with a spherical Fermi
surface. The large increase in Re(g↑↓eff) for
tNiFe = 5.0nm is unexpected in light of the
9work of Ghosh et al.20. Given that the ∆H(0)
decreases simultaneously it seems most likely
that the increase in Re(g↑↓eff) results from im-
proved interface quality at the upper surface
of the Ni81Fe19 layers that in turns leads to
a smoother Co2MnGe layer. The rather large
value of Re(g↑↓eff) observed for tNiFe = 5.0 nm,
suggests that either the detailed shape of the
Ag Fermi surface needs to be accounted for
more carefully, or perhaps that the theoreti-
cal description of spin pumping is incomplete
for the case of overlapping resonances where
spins are pumped from both ferromagnetic
layers.
IV. SUMMARY
Spin pumping has been studied in
Co2MnGe/Ag/Ni81Fe19 spin valves with
varying sink layer thickness. Using VNA-
FMR the transverse spin current absorption in
the sink layer was extracted from the source
layer damping parameter. Unlike previous
studies, which have shown a power-law de-
cay, little variation of the spin current absorp-
tion was observed over the 0-1.8 nm thick-
ness range, a behaviour attributed to addi-
tional spin scattering in the surrounding stack
structure. Small deviations in spin absorp-
tion are seen for the thinnest Ni81Fe19 layers
and are associated with the structural disor-
der and consequent superparamagnetism of
the sink layer for tNiFe ≤ 0.6 nm. The VNA-
FMR experiment highlights the complexities
and potential pitfalls of indirect observation
of spin-pumping and the need for careful con-
sideration and categorization of each layer in
the stack.
Phase resolved XFMR measurements were
used to directly probe the torque on the sink
layer and revealed a characteristic bipolar
phase behaviour of the sink layer at the source
layer resonance, a clear fingerprint of spin-
current driven precession. The observed be-
haviour is reproduced well by a macrospin
model that allows the Real part of the spin
mixing conductance to be determined. How-
ever, when the source and sink layer reso-
nances are coincident, there is a cancellation
of the spin currents pumped from the two
ferromagnetic layers and the XFMR exper-
iment becomes relatively insensitive to the
value of the effective spin mixing conduc-
tance Re(g↑↓eff). For the samples with the thick-
est (5 nm) Ni81Fe19 layer an increased value
of Re(g↑↓eff) is observed simultaneously with
a reduction of ∆H(0), suggesting that both
changes are a consequence of improved inter-
face quality.
In conclusion, we have shown that measure-
ments of the source layer linewidth within a
spin valve does not always provide the means
to fully determine the spin mixing conduc-
tance due to spin current absorption in cap-
ping and buffer layers in a multilayer stack. In-
stead, XFMR can be used to determine the ef-
fective spin mixing conductance Re(g↑↓eff) from
the spin transfer torque exerted upon the sink
layer. Our measurements show that the thick-
ness dependent structural quality of the stack
has a significant influence upon the extracted
Re(g↑↓eff) values.
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